The ball screw and linear guide are important transmission components of a feed system, and their structure directly influences the static and dynamic characteristics of a machine tool. This study used finite element analysis to analyze the static and dynamic characteristics of the spinning machine with different structural designs. Results showed that the feed system is the key functional component that influences the static and dynamic characteristics of the entire machine. A design method is proposed for the structural optimization of the spinning machine based on the structure of the ball screw and the linear guide. Four three-roller models and five counter-roller models are established. A single-factor analysis method is adopted for the contrastive analysis of the static and dynamic characteristics. Finally, the structure of computer numerical control spinning machine with the optimal feed system structure is optimized. The analysis indicates that the reasonable optimization of the structure of the ball screw and the linear guide can effectively improve the optimization efficiency and substantially improve the static and dynamic characteristics of the computer numerical control spinning machine.
Introduction
Spinning is a near-net-shape-forming process that is mainly applied to manufacturing parts with axial symmetry, thin walls, and hollow circular sections. 1 The spinning technique is an important element of manufacturing technologies in aeronautics, astronautics, shipbuilding, automobile, and engineering machinery, among other fields. 2, 3 The spinning equipment is the concrete implementation of the spinning technology. Computer numerical control (CNC) spinning machines in the machinery manufacturing industry have been given increasing attention owing to their advantages of high processing accuracy, high efficiency, and high material utilization rate. The static and dynamic characteristics (SDC) have considerable influences on the machining efficiency and processing quality of the machine tool. They are important indicators for measuring the vibration resistance of the machine tool. With the continuous development of modern technologies, the machine tool industry is facing new challenges and demands, such as high speed, high precision, and high reliability. Therefore, more stringent requirements are imposed on machining performance of CNC spinning machine.
The feed system with a ball screw and a linear guide as its main transmission components is the primary functional component of a machine tool. 4, 5 The structure of the ball screw and the linear guide directly influences the SDC of the machine tool and consequently influences positioning precision, stability, and processing quality of the entire machine tool.
Traditional feed system mainly adopts a single ball screw to drive the linear guide. Many scholars have carried out a great deal of research on a single ball screw and linear guide [6] [7] [8] [9] and on the SDC of the traditional feed system. [10] [11] [12] [13] With the uninterrupted development of machine tools, the feed system with a dual-screw driven linear guide has been gradually extensively applied due to its excellent vibration resistance, high system stiffness, quick system response, and other advantages. Huang et al. 14 analyzed the differences of finite element calculation results of the spindle and headstock connection and modal test values in double-screw-driven feed system. Ding et al. 15 researched on equivalent vibration models of the single-ball-screw-driven and double-ballscrew-driven feed systems and calculated vibration modes and natural frequencies of both systems. Wang et al. 16 established a 3D mechanical model for a double-ball-screw transmission workbench and developed an analysis formula for a comprehensive method and used numerical simulation method to study the frequency variation of different heights of gravitational center, nut positions, and platform masses. Xu et al. 17 conducted the modal analysis of a workbench with a linear guide feed unit driven by double screws. The modal parameters of the linear guide feed units driven by a single ball screw and twin ball screws were analyzed, and the results were compared when nuts were located at the left, middle, and right positions of the twin ball screws. However, the influence of the structure of the ball screw and the linear guide on the machine tool has not been considered in the design of dual-drive systems. Furthermore, research on the factors influencing the SDC of a dual-drive feed system remains limited. CNC spinning machines with different forms exhibit different characteristics, structure, and stresses; thus, conclusions presented in studies on general feed systems cannot be applied to the spinning machines. 18 At present, the existing studies not only lacks the analysis of the SDC of CNC spinning machines but also lacks the optimization of the structure of a feed system. This study used finite element analysis to analyze the SDC of the spinning machine with different structural designs. Results showed that the feed system is the key functional component that influences the SDC of the entire machine. A design method is proposed for the structural optimization of the spinning machine based on the structure of the ball screw and the linear guide. Four three-roller models and five counter-roller models are established. A single-factor analysis method is adopted for the contrastive analysis of the SDC. Finally, the structure of CNC spinning machine with the optimal feed system structure is optimized. The analysis indicates that the reasonable optimization of the structure of the ball screw and the linear guide can greatly improve the SDC of the CNC spinning machine.
Forming principle and model simplification
Forming principle Figure 1 shows the forming principle of the three-roller spinning machine. Three rollers are uniformly installed on the carriage, and the workpiece is tightened on the mandrel by the tailstock. The downward and axial movements of the rollers cause plastic deformation of the workpiece into a thin-walled long tubular part. Counter-roller spinning uses internal rollers instead of mandrels and applies certain spinning forming forces on the workpiece by internal and external rollers to induce the plastic deformation simultaneously on the inner and outer surfaces of the workpiece. 20 The principle of counter-roller spinning is shown in Figure 2 . The internal rollers and the external rollers are fixed and installed on the inner and outer columns, and the workpiece is installed on the headstock. The axial movement of the headstock causes plastic deformation of the workpiece into a thin-walled long tubular part.
Simplification of the model of the entire machine
The overall structure of the three-roller spinning machine with the structure of one screw and two guides needs to be optimized is shown in Figure 3 .The machine tool used heavy-load ball screw and heavy-load roller guide. The ball screw is 5520 mm in length and 125 mm in diameter. Model 65 is adopted for the roller guide, whose total length is 6005 mm. The axial stroke is 3000 mm.
The overall structure of the counter-roller spinning machine with the structure of two guides in two directions needs to be optimized is shown in Figure 4 . The machine tool used large heavy-load ball screw and heavy-load roller guide. The ball screw is 5360 mm in length and 160 mm in diameter. Model 100 is adopted for the roller guide, whose total length is 3777 mm. The axial stroke is 1800 mm.
The CNC spinning machine is simplified as a singledegree-of-freedom spring-damper-mass system. The simplified model is shown in Figure 5 .
The system will generate a microdisplacement x when an external stimulation F is applied. The vibration equation is defined as
where m is the mass, k is the spring, and c is damping. The modal parameters of the structure are unrelated to the external stimulus, and the undamped natural frequency of the system can be obtained by ignoring the influence of structural damping 
where v n is the natural frequency of the system.
When an external force F = F 0 sin v 0 t is applied to the system, the structure's vibration amplitude caused at the resonance point is
where F is the external stimulation, F 0 is the amplitude of external stimulation, and v 0 is the frequency of external stimulation.
Formulas (2) and (3) show that the increase in the system stiffness or natural frequency can increase the resonance frequency of the system and reduce the vibration amplitude at the resonance point in the case of the system damping and the mass are unchanged.
The SDC analysis and the optimization target determination ANSYS Workbench software is adopted for the analysis of the SDC of the model. The finite element model of the structure of the three-roller spinning machine and counter-roller spinning machine is established. To reduce computation and improve the analysis efficiency, the model is simplified.
The multiple microstructures in the CNC spinning machine, including the chamfer, filleted corner, small hole, and boss, are ignored in the model simplification. The rolling surface mainly includes the joint surface of the bearing, the ball screw and nut, and the rolling guide and the slider. They are simplified as springdamper elements. The simplified model of the ball screw pair and the linear guide pair is shown in Figures  6 and 7 , respectively.
Static performance analysis
Static performance analysis mainly investigates the deformation and stress in the machine tool under effects of unchanged static load. The spinning machines set the bottom of the bed to ''Fixed Support'' and the applied load type to ''Remote Force.'' A radial spinning force (Fr) of 100 kN and an axial spinning force (Fa) of 100 kN are applied at the rollers in the limit condition. The static structure of the spinning machines with different structures is analyzed (see Figure 8) . 
Modal analysis
Through modal analysis, the natural frequency and modal vibration modes at various orders of the machine tool can be obtained. The dynamic stiffness and anti-vibration capacity of the spinning machine can be improved by increasing the natural frequency. The natural frequencies of the spinning machines with different structures are given in Table 1 . The vibration modes are shown in Figure 9 . Table 1 and Figure 9 show that the modal vibration modes of the entire machine are in the form of vibration based on the feed system. Thus, the feed system is the key functional component that influences the SDC of the entire machine.
Harmonic response analysis
Harmonic response analysis focuses on analyzing the structural response under excitation within a frequency range, within which the resonance vibration, fatigue, and other adverse effects brought by forced vibration can be overcome. Set the applied load type to ''Remote Force.'' The radial resonant force (Fr) of 100 kN and an axial resonant force (Fa) of 100 kN with frequencies of 200 or 300 Hz are applied at the rollers. The displacement-frequency response curves in the three directions of the spinning machine with different structures are analyzed, and the analysis results are shown in Figure 10 . The frequencies at the maximum resonance peak are shown in Table 2 .
Figure 10(a) shows that the maximum amplitudes in the X and Y directions correspond to the first-order natural frequency of the three-roller spinning machine. Figure 10(b) shows that the maximum amplitudes in the X, the first resonance peak in Y, and Z directions also correspond to the first-order natural frequency of the counter-roller spinning machine. 
The optimization target determination
The given analysis indicates that the feed system has the strongest influence on the low-order vibration mode of the spinning machine. The natural frequency at each order in the structure corresponds to the vibration mode. Furthermore, the low-order natural frequency of the entire machine has the strongest influence on the dynamic performance of the machine tool. Therefore, the feed system is the key structural component that influences the dynamic performance of the spinning machine. By the optimization design of the feed system with different structures of the ball screw and the linear guide, blindness to the optimization of the dynamic performance can be reduced, and the optimization efficiency can be improved.
Structural optimization of the spinning machine with different structures of the ball screw and the linear guide
Structural optimization of the three-roller feed system with different structures of the ball screw and the linear guide
As shown in Figure 11 , four structural models are established for the three-roller feed system with different structures of the ball screw and the linear guide.
Owing to the different weight of the structural models of the entire machine, the results cannot be compared. Therefore, the feed system is adopted separately for the contrastive analysis of the SDC. A single-factor analysis is adopted for the contrastive analysis of the SDC of the feed system with one screw and two guides, small-span two screws and two guides, large-span two screws and two guides, and two screws and three guides.
The four structural models set the installation surface of the linear guide and the ball screw seat to ''Fixed Support,'' and the applied load type to ''Remote Force.'' The same radial spinning force (Fr = 100 kN) and axial spinning force (Fa = 100 kN) are applied at the three rollers in the four structural models. The static characteristics of the four structural models are analyzed (see Table 3 ).
The total deformations of the four three-roller feed systems with different structures of the ball screw and the linear guide are gradually reduced. The maximum equivalent stresses have the same law of diminishing value. The weight and number of parts of three-roller feed system with different structures are compared. The total weight of the two screws and three guides is only 842 kg heavier than that of the one screw and two guides, while the number of parts is only 9 more. The natural frequencies of the four structural models are also analyzed under the same conditions (see Table 4 ).
The natural frequencies of the two screws and two guides are remarkably higher than those of the one screw and two guides. The natural frequencies of the large-span two screws and two guides are remarkably higher than those of the small-span two screws and two guides. Among the four structural models, the structure of two screws and three guides exhibits the highest natural frequencies.
Set the applied load type to ''Remote Force.'' A radial resonant force (Fr) of 100 kN and an axial resonant force (Fa) of 100 kN with frequency of 300 Hz are applied at each of the three rollers. The displacement-frequency response curves in the three directions of the four structural models are analyzed and shown in Figure 12 . The frequencies at the maximum resonance peak are shown in Table 5 .
The displacement-frequency response curves show that for the four structural models, the maximum resonance peaks in the three directions are gradually reduced, and the corresponding resonance vibration frequencies are gradually improved.
In summary, the total deformations of the structure of two screws and three guides are reduced by 81.40%, Figure 11 . Four structural models of the three-roller feed system: (a) one screw and two guides, (b) small-span two screws and two guides, (c) large-span two screws and two guides, and (d) two screws and three guides. Figure 12 . The displacement-frequency response curves in three directions of the four structural models: (a) X direction, (b) Y direction, and (c) Z direction.
80.32%, and 46.14% compared with the one screw and two guides, small-span two screws and two guides, and large-span two screws and two guides, respectively, and the maximum equivalent stresses are reduced by 56.77%, 53.97%, and 22.38%, respectively. The first six orders of natural frequency show that the natural frequency at each order in the structure of two screws and three guides is improved in different degrees. The weight of the two screws and three guides is only 7.19% higher than that of the one screw and two guides, and the number of parts is only 9 more. This result indicates that the quantity of the screw guides and the distance of the screw span are important factors influencing the SDC of the feed system. In contrast, the structure of two screws and three guides exhibits the best SDC.
Structural optimization of the counter-roller spinning machine with different structures of the linear guide
As shown in Figure 13 , five structural models are established for the counter-roller spinning machine with different structures of the linear guide. Figure 13 actually wants to show the entire machine model of the counter-roller spinning machine. Because of the occlusion of columns, the structural forms of different feed systems cannot be seen, so different feed systems are adopted to replace the entire machine model. The influences on the SDC of the counter-roller spinning machine of the two guides in two directions, four guides in two directions, four guides in four directions, six guides in four directions, and eight guides in four directions are investigated.
The five structural models set the installation surface of the linear guide and the ball screw seat to ''Fixed Support'' and the applied load type to ''Remote Force.'' The same radial spinning force (Fr = 100 kN) and axial spinning force (Fa = 100 kN) are applied at each roller in the five structural models. The static performances of the five structural models are analyzed (see Table 6 ).
The total deformations of the five counter-roller spinning machines with different structures of the linear guide gradually decrease, but it does not change very much. The maximum equivalent stresses have the same law. The natural frequencies of the five structural models are analyzed under the same conditions (see Table 7 ). The natural frequencies of the structures of two guides in two directions, four guides in two directions, and four guides in four directions gradually increase. However, the natural frequencies of the structures of four guides in four directions, six guides in four directions, and eight guides in four directions are basically consistent and the increase is minimal.
Set the applied load type to ''Remote Force.'' A radial resonant force (Fr) of 100 kN and an axial resonant force (Fa) of 100 kN with a frequency of 300 Hz are applied at each of the eight rollers. The displacement-frequency response curves in the three directions of the five structural models are analyzed and shown in Figure 14 . The frequencies at the maximum resonance peak are shown in Table 8 .
The displacement-frequency response curves of the five structural models show that the maximum resonance peaks in the three directions are gradually reduced, and the corresponding resonance vibration frequencies are gradually improved.
Optimization result validation of the entire machine
Validation of the three-roller spinning machine
The overall structure of the optimized three-roller spinning machine with the structure of two screws and three guides is shown in Figure 15 .
Under the same force conditions, the SDC of the entire machine about one screw and two guides and the two screws and three guides are analyzed (see Table 9 ).
In Table 9 , in order to install the third linear guide and the upper ball screw seat, the three-roller spinning machine with the structure of two screws and three guides has added the beam, the front, and back brackets. According to formula (2) , as the total weight of the spinning machine increases, the natural frequency decreases relatively.
As shown in Figure 16 , the maximum amplitudes of the three-roller spinning machine with the structure of two screws and three guides in the X, Y, and Z directions are near the 90 Hz frequency.
These results indicate that the structure of two screws and three guides exhibits reduced total deformation (84.99%), reduced maximum equivalent stress (68.44%), and increased maximum resonance vibration frequency (50%). Therefore, QX63 Series three-roller CNC spinning machine with the structure of two screws and three guides is adopted. Figure 14 . The displacement-frequency response curves in three directions of the five structural models: (a) X direction, (b) Y direction, and (c) Z direction. Figure 15 . The overall structure of three-roller spinning machine with the structure of two screws and three guides (after optimization).
Validation of the counter-roller spinning machine
The overall structure of the optimized counter-roller spinning machine with the structure of four guides in four directions is shown in Figure 17 . According to analysis results of the entire machine of the counter-roller spinning machine in section ''Structural optimization of the counter-roller spinning machine with different structures of the linear guide,'' the changes in the SDC of the entire machine are minimal for the structures of four guides in four directions, six guides in four directions, and eight guides in four directions. This result indicates that the increase in system stiffness is minimal if the linear guides are increased and are arranged in four directions. In consideration of the economic benefits and processing assembly, the structure of four guides in four directions is optimal.
Compared with the structure of two guides in two directions, the structure of four guides in four Figure 16 . The displacement-frequency response curves in three directions of the three-roller spinning machine with the structure of two screws and three guides. directions exhibits reduced total deformation (2.29%) and reduced maximum equivalent stress (10.15%). The first six orders of the natural frequency of the structure of four guides in four directions are also improved accordingly. In the harmonic response analysis, the maximum resonance peaks of the same structure decrease by 77.54%, 67.37%, and 78.25% in the X, Y, and Z directions; and its resonance vibration frequencies increase by 241.2%, 34.78%, and 275% in the X, Y, and Z. Therefore, QX54 Series counter-roller CNC spinning machine with the structure of four guides in four directions is adopted.
Conclusion
1. This study used finite element analysis to analyze the SDC of the spinning machine with different structural designs. Results showed that the feed system is the key functional component that influences the SDC of the entire machine. A design method is proposed for the structural optimization of the spinning machine based on the structure of the ball screw and the linear guide. Four three-roller models and five counter-roller models are established. A singlefactor analysis method is adopted for the contrastive analysis of the SDC. Finally, the structure of CNC spinning machine with the optimal feed system structure is optimized. 2. Through the optimization of the different structures of the ball screw and the linear guide, four structural models are established for the threeroller spinning machine. The optimization results indicate that the quantity of screw guides and the distance of the screw span are the important factors influencing the SDC of the feed system. After optimization, there are 84.99% decrease in total deformation, 68.44% decrease in maximum equivalent stress, and 50% increase in maximum resonance vibration frequency. 3. According to optimization of the different structures of the linear guide, five structural models are established for the counter-roller spinning machine. The optimization results indicate that arranging the linear guides in each direction is better in a symmetrical double-screw structure. The increase in system stiffness is minimal if the linear guides are increased and arranged in four directions. In consideration of the economic benefits and processing assembly, the structure of four guides in four directions is optimal. After optimization, there are 2.29% decrease in total deformation and 10.15% decrease in maximum equivalent stress. In the harmonic response analysis, the maximum resonance peak decreases by 74.39% and the resonance vibration frequency increases by 183.66% on average in the three directions.
